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Abstract 


Research  on  an  improved  8-10  GHz  microwave  system  for 
propagation,  reflection  and  absorption  studies  of  VUV  excimer  laser 
(193  nm)  produced  plasmas  has  been  carried  out.  Research  on  the 
creation  of  a  laser  produced  sheet  plasma  for  use  as  either  an  absorptive 
layer  or  a  low  loss,  rapidly  scanable  agile  microwave  surface  is 
described.  We  have  installed  a  new  higher  energy  (300  mJ/20  ns  pulse), 
higher  rep  rate  (20  Hz)  laser  for  our  current  studies.  We  have  obtained 
high  density  n*  =  2  -  5  x  1013/cm3  laser-formed  plasmas  which  are  9  cm 

wide  x  40  cm  long  x  3-20  mm  thick  and  demonstrated  that  diffusion  is 
small  for  time  scales  less  than  a  microsecond.  We  have  measured  the 
phase  and  amplitude  of  microwave  reflections  and  compared  it  to  the 
same  area  size  aluminum  sheet.  Preliminary  results  show  that  the 

initial  high  density  plasma  (n  =  2  -  5  x  10*3/  cm3)  obtained  in  TMAE  at 
30-60  mTorr  pressures  has  a  reflection  coefficient  comparable  to 
aluminum  and  that  the  recombination  coefficient  agrees  with  earlier 
results  of  Stalder  and  Eckstrom.  We  have  also  developed  a  new 
analysis  for  the  inclusion  of  Langmuir  probe  sheath  motion  in  the 

interpretation  of  the  fast  (x  ^  7  ns)  diagnostic.  It  yields  plasma  densities 

in  the  range  of  2  x  1012/cm3  - 1  x  10n/cm3  and  plasma  electron 
temperatures  of  0.8-0. 5  eV  from  100  ns  -  1000  ns  after  the  laser  pulse 
initiation.  We  have  also  carried  out  computer  simulations  of  profile 
effects  on  radiofrequency  antenna  coupling  and  heating  for  argon  and 
air  plasma  utilizing  the  helicon  mode.  We  have  constructed  a 
radiofrequency  plasma  source  facility  for  studies  of  sustainment  of  laser 
initiated  plasmas.  We  also  discuss  our  collaborations  with  other 
research  groups  and  our  theoretical  and  computational  research  to 
support  and  interpret  the  experimental  observations. 
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I.  Introduction. 

The  experimental  and  theoretical  research  carried  out  over  the  past  year 
involves  creation  of  plasmas  to  provide  an  agile  mirror  for  airborne  or  shipboard 
scanning  of  microwave  and  millimeter  wave  systems  and  creation  of  collisional 
absorbing  plasmas  to  reduce  1-10  GHz  radar  transmission  and  reflection  from  objects 
located  in  the  earth's  atmosphere.  This  type  of  scheme  could  also  be  used  to  obtain 
large  aperture  antenna  configurations.  By  changing  the  gas  mixture  to  increase 
collisionality  it  could  also  be  used  as  a  microwave  absorber  to  reduce  radar  cross 

sections.  The  research  topics  addressed  include  VUV  (vacuum  ultraviolet  X  =  193 
nm)  excimer  laser  creation  of  agile  mirror  reflecting  plasma  layers  and  associated 
theoretical  and  computational  modelling  and  data  analysis  for  mirror  reflection  and 
backscatter  as  well  as  plasma  sources  to  elucidate  experimental  observations  and  to 
predict  future  experimental  results. 

We  have  carried  out  experimental  measurements  on  a  sheet  beam  excimer 
laser  created  plasma  to  study  microwave  reflection  and  absorption.  Custom 
designed  and  fabricated  VUV  compatible  cylindrical  lenses  are  used  to  produce  a  3- 

20  mm  x  110  mm  laser  beam  ( X  —  193  nm,  w  =  5-300  mj,  x  —  \7  ns)  for  ionization  of 
an  organic  gas  (ne>2x  1013/ cm3)  to  produce  a  microwave  agile  plasma  surface. 

We  have  published  a  paper  [1]  on  the  plasma  properties  (n,  T)  produced  by  the 
laser  and  measured  the  laser  attenuation,  photon  absorption  cross  section,  plasma 
diffusion  and  recombination  rates.  We  have  developed  a  fast  Langmuir  probe 

diagnostic  (x  >  7  ns)  and  developed  a  theory  to  interpret  ion  saturation  currents 
which  include  sheath  motion  to  determine  the  correct  plasma  density.  We  have 
submitted  a  paper  on  this  to  the  Journal  of  Applied  Physics  [2].  We  have  also  shown 
that  the  microwave  (10  GHz)  reflection  properties  of  the  plasma  at  high  density  are 
comparable  to  those  of  an  aluminum  sheet.  We  have  benefited  from  our 
interactions  and  visits  with  Drs.  Stadler,  Eckstrom  and  Vidmar  of  the  Stanford 
Research  Institute  on  the  low  ionization  energies  of  organic  gases  and  their  use  for 
microwave  absorption.  We  are  continuing  to  discuss  our  research  with  Drs.  Meger 
and  Mannheimer  of  NRL,  and  Dr.  Adams  of  Sandia  who  are  interested  in  the  topic 
of  laser-formed  plasmas. 

We  have  published  [3]  an  article  involving  theoretical  and  computational 
research  on  radiofrequency  plasma  sources  and  the  effects  of  antenna  coupling, 
plasma  profiles  and  a  fast  electron  component  on  wave  absorption.  This  research 
has  provided  a  computer  model  basis  for  the  design  of  our  radiofrequency  plasma 
facility.  We  have  also  collaborated  with  Drs.  Smithe  and  Goplen  of  the  Mission 
Research  Corporation  in  Alexandria,  Virginia  regarding  the  use  of  the  MAGIC  code 
for  modelling  and  analysis  of  two  and  three  dimensional  descriptions  of  microwave 
radiation  from  a  helix  and  test  antenna  backscatter  in  a  plasma  column. 

Our  research  group  consists  of  Professor  J.  Scharer,  Dr.  M.  Bettenhausen  and 
graduate  students  Kurt  Kelly  and  Guowen  Ding  who  are  currently  working  on  this 
research  towards  a  Ph.D.  degree. 
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n.  Fast  Langmuir  Probe  Measurements  in  a  Laser  Produced  Plasma 


A  plasma  of  high  density  (  >  1013  cm*3)  and  large  size  (1.3  cm  x  9  cm  x  45  cm) 
has  been  created  by  a  single  20  ns  pulse  vacuum-ultra-violet  laser  ionization  of  the 
organic  gas  tetrakis  (dimethyl-amino)  ethylene  (TMAE).  Figure  1  illustrates  the 
overall  experiment.  The  dominant  plasma  decay  process  is  found  to  be  the  ion- 
electron  two-body  recombination  process  [4].  The  important  influence  of  sheath 
motion  of  the  decaying  plasma  for  interpretation  of  Langmuir  probe  (LP) 
measurements  is  also  found,  which  is  absent  in  a  steady-state  plasma. 

In  this  report,  the  decaying  plasma  effect  on  the  interpretation  of  LP 
measurements  are  focused  on  the  100  ns  ~  1000  ns  time  scale,  because  the  physical 
processes  at  this  stage  are  much  simpler  than  those  for  t  <  100  ns,  when  the  transient 
ion  current,  displacement  current  as  well  as  laser  effects  on  the  probe  are  expected  to 
be  important.  For  our  experiment,  the  decaying  plasma  is  created  by  a  193  run 
wavelength  excimer  laser  ionization  of  TMAE,  with  75  mTorr  TMAE  pressure  and 

3  mj/cm2  laser  pulses. 

The  decaying  plasma  effect  on  the  LP  measurements  primarily  comes  trom 
the  probe  sheath  motion  as  the  plasma  decays,  which  produces  an  additional 
current.  Incorporating  this  effect,  a  new  formula  is  derived  [2]  to  calculate  the 
plasma  density  from  the  probe  current  density.  The  relationship  between  the  Bohm 
current  density  Jb  and  the  probe  current  density  J  becomes 

(i) 

where  Te  is  the  electron  temperature,  Mj  is  the  ion  mass,  and  V  is 

the  sheath  voltage.  Thus  the  plasma  density  can  be  obtained  from  the  Bohm 

current  density  Jb  as  in  a  normal  LP  in  a  steady-state  plasma. 

Equation  (1)  is  useful  under  the  condition  that  the  plasma  density  decay  is  neither 
too  slow  nor  too  rapid.  If  the  plasma  decay  is  very  slow,  this  means  that 

-^L-^IV^MieoV3/2  «1 

then  Eq.  (1)  reduces  to  JB  =  J,  which  is  the  result  for  a  normal  Langmuir  probe  in  the 
steady-state.  The  sheath  motion  effect  is  very  small  and  no  corrections  are  needed. 
On  the  other  hand,  if  the  plasma  decay  is  too  rapid  such  that  the  change  in  the 

plasma  density  An  on  the  time  scale  of  the  inverse  ion  plasma  frequency  is 
comparable  with  the  plasma  density,  n,  then  the  Child-Langmuir  law  is  invalid,  and 

so  is  Eq.  (1). 
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Microwave  alignment  is  performed  with 
a  prescison  alignment  system 
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Fig.  1  Laser  Plasma  Facility 


The  probe  current  density  J  can  be  obtained  from  the  measured  probe  current, 
Im,  by  correcting  for  the  collecting  area,  which  is  larger  than  the  probe  area  due  to 
probe  edge  effects  for  our  small  planar  double-sided  disk  probe  [2] 


where  r  is  the  radius  of  the  probe  disk. 

The  experimental  probe  current  (dark  curve)  and  the  corrected  current  (gray 
curve)  are  shown  in  Fig.  2(a),  and  their  ratio  is  shown  in  Fig.  2(b).  The  current 
corrections  arise  from  both  sheath  motion  effects  and  probe  edge  effects,  and  are 
equal  to  the  calculated  Bohm  current  density  times  the  probe  area.  The  current  ratio 
is  relatively  uniform  versus  time  in  Fig.  2(b),  but  the  corrections  for  either  sheath 
motion  or  the  probe  edge  effects  are  not  uniform. 

The  sheath  motion  effects  are  more  important  at  earlier  times  than  at  later 
times,  since  sheath  motion  is  more  rapid  at  earlier  times.  On  the  other  hand,  probe 
edge  effects  are  smaller  at  earlier  times  than  at  later  times,  since  the  sheath  width  is 
smaller  for  the  higher  plasma  densities  at  early  times.  The  two  effects  cause  the 
current  ratio  to  be  relatively  uniform  in  time. 

The  probe  I-V  characteristics,  before  and  after  the  corrections  are  shown  in 
Fig.  3.  It  is  easy  to  see  that  the  corrected  ion  currents  are  much  lower  depending  on 
the  bias  voltage.  This  agrees  with  the  notion  that  ion  saturation  current  is 
independent  of  bias  voltages. 

Utilizing  this  technique,  we  have  measured  TMAE  plasma  densities  and 

have  calculated  its  recombination  coefficient  a  =  8.6  ±  1.5  x  lO^  cm3/ s  for  Te  in  the 
range  of  0.4  ~  0.6  eV  during  the  t  =  100  -  1000  ns  period.  This  agrees  with  the  result 

of  a  =  9.0  ±  1.1  x  10'6  cm3/s  for  room  temperature  TMAE  measured  utilizing  a 
microwave  method  by  Stalder  and  Eckstrom  [5]. 


TTT  Microwave  Interactions  with  the  Laser  Formed  Plasma 


This  section  presents  a  theoretical  model  of  propagation  of  plane  waves 
through  a  plasma  which  we  are  using  to  aid  interpretation  of  our  microwave 
scattering  experiments.  The  dispersion  relation  for  plane  wave  propagation  in  a 
plasma  is 


kp2c2  =  co2  - 


cocope2 
w  +  jv 


(1) 


in  which  (0pe  is  defined  as  the  electron  plasma  frequency 


e2ne 

me£o 


(2) 
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Bias  voltage  ( V ) 


Figure  3.  Probe  I-V  characteristics,  before  (  dotted  line)  and  after  correc¬ 
tions  (  solid  line  )  for  both  sheath  motion  and  probe  edge  effects.  (  Various 
delay  time  from  the  initial  laser  pulse  at  360  ns,  260  ns,  210  ns  and  180  ns, 
respectively) 
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and  v  is  the  electron-neutral  collision  frequency.  The  complex  propagation  constant 
k  is  defined  as 

kp  =  (3p  +  jap  (3) 

The  wave  attenuates  according  to  ap  and  propagates  according  to  Pp. 

Dielectric  Slab  Model 

Propagation  of  plane  electromagnetic  waves  through  a  dielectric  slab  of 
thickness  d  is  illustrated  in  Fig.  4.  By  matching  boundary  conditions  at  0  and  d  and 
solving  for  the  ratios  of  incident,  reflected  and  transmitted  power,  power  refection 
and  transmission  coefficients  are  obtained.  If  there  is  free  space  above  and  below  the 
plasma,  the  dielectric  model  predicts  a  reflection  coefficient  from  the  left  interface  of 
the  plasma  of 

R=  IRIej<t»  =  HRJLL  (4) 

Bp+1 

where  t|p  is  the  impedance  transformation  of  free  space  through  the  plasma 


.  1  +  Zp  tan  h(kpd) 

T]p  =  Zp  X  Zp  +tan  h(kpd) 

and 


co(co  +  j  v) 


is  the  impedance  of  the  plasma.  R  and  <J>  are  the  magnitude  and  phase,  respectively, 
of  the  reflection  coefficient  for  the  free  space  -  plasma  interface.  By  measuring  R 

and  <])  for  many  values  of  d  it  is  possible  to  solve  for  kp.  From  this  we  can  solve  for 

ne  and  v  using  Eq.  (2). 

The  Budden  Model 

Although  the  dielectric  slab  description  is  accurate  for  a  homogeneous 
plasma,  it  was  determined  that  there  were  several  areas  that  this  model  was 
inaccurate.  The  plasma  is  thought  to  diffuse  a  small  amount  making  for  a  non 
uniform  plasma  density  profile.  In  experiments  by  Shen,  Scharer,  Porter,  Lam  and 
Kelly  [1],  the  plasma  was  determined  to  not  have  a  step  profile  as  in  the  dielectric 
slab,  but  rather  a  peak  density  near  it's  center,  with  a  somewhat  less  dense  plasma 
near  it's  edge.  Budden  has  solved  the  wave  equation  for  a  dielectric  with  just  such  a 
profile.  This  theory  gave  a  closed  form  solution  for  the  reflected  and  transmitted 
waves  and  could  account  for  different  densities  as  well  as  a  wide  range  of  collision 
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Figure  4.  Plane  waves  incident  on  a  dielectric  slab  of  thickness  d 
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frequencies.  Either  low  loss  reflection  or  highly  lossy  absorbers  can  be  treated  with 
this  formalism. 

The  Budden  Model  is  based  on  a  solution  to  the  hypergeometric  equation: 
Cd-0(^  +  {  c-(a+b  +  l)C}-p|  -  abu  =  0  (7) 

If  we  let 

-C-e z  (8) 

and 

Z  =  (z/o)  (9) 

the  hypergeometric  equation  is  transformed  into: 

(1  +  ez  )  ^  +  {  c  - 1  +  (a  +  b)  ez  }  +  abe2  u  =  0  (10) 


This  is  transformed  into  its  normal  form  by  substituting 


u  =  E  exp 


|(l-c)(Z  )}  (1  +  ez  )<c'1"a'b) 


n 


(11) 


where  E  will  be  used  to  denote  the  electric  field.  We  now  obtain  the  wave  equation: 

d2E 


d2 


+  k2  q2  E  =  0 


(12) 


where 

q2  =  £l  +  (ez  +  i)2  { (£2  '  eD  (eZ  +1)  +  £3 } 

and 

!  (c  - 1)2 

ei  =  '4  <j2k2 

1  (a  -b)2 
E2“4  o^k2 

1  fa  ±b  ±  1  -  cl  (a  +  b-l  -c) 

£3  =  4  a2  k2 


(13) 


(14) 

(15) 

(16) 
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If  we  substitute  the  following  parameters  for  a,  b,  and  c: 


c  - 1  =  -  2ika  cos  2  (0) 
a-b  =  -2ikoqo 

a  +  b  -  c  =  ±  (4k2  a2 £3  +  1)  */2 


(17) 

(18) 
(19) 


we  get  a  closed  form  solution  of  the  wave  equation  for  the  reflected  and  transmitted 
waves. 

It  can  be  seen  that  if  we  let 


and 


£1  =  £2  =  cos  2  0 

(20) 

-4Xm 

(21) 

63  “  1  -  iZ 

f  z  ^ 


we  get  a  dielectric  constant  of  a  plasma  with  density  profile  given  by 

X  =  Xm  seek  2 1 

and  a  collisonality  given  by 


z  = 


(22) 


CO 


(23) 


The  parameter  a  can  be  thought  of  as  a  thickness  parameter.  The  reflection 
and  transmission  coefficients  become 

1  1 

(-  2ika  cos  0) !  (2ikc  cos  0  -  y  -  y) !  (2ika  cos  0  +  7  -  j)  • 

R  =  - j - 1 -  (24) 

(2ikc  cos  0) !  (-  Y  -  j)  •  (Y  '  2)  ! 


and 


T  =  [  [2ika  cos  (0)] 


|^2ikcr  cos  (0)  -  Y  ■  !  [^2ika  cos  (0)  +  y  - 

[[2ika  cos  (0)  !]2 


(25) 


where 


4  y2  =  1  +  4  k2  a2  £3. 


(26) 
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A  computer  code  was  developed  to  calculate  results  for  Epstein  profiles  (such  as 
those  shown  in  the  bottom  plot  of  Figure  8)  and  to  optimize  the  experimental 
conditions.  A  study  of  Fig.  5  determined  that  at  a  9  GHz  operating  frequency,  it  was 
desirable  to  have  a  sharp  boundary  to  produce  a  highly  reflective  plasma.  This  is 
consistent  with  the  slab  model.  An  examination  of  Fig.  6,  meanwhile,  suggested  a 
more  diffuse  boundary  could  produce  a  highly  absorptive  plasma.  Another 
important  parameter  is  the  collision  frequency.  Operating  at  higher  neutral 
pressures  could  enhance  the  absorptive  properties  of  the  plasma  as  this  would 
provide  a  larger  neutral  density.  Also,  backfilling  the  chamber  with  an  inert  gas 
such  as  argon  could  lessen  the  effects  of  collisionality  by  decreasing  the  number  of 
negative  ions  in  the  plasma. 

Purpose 

Radar  scanning  can  be  carried  out  in  a  number  of  ways.  The  simplest 
example  is  a  single  element  transmitter  scanned  mechanically  in  elevation  and 
azimuth.  Such  a  radar  system  might  work  in  a  few  applications  in  which  objects  are 
moving  very  slowly,  or  are  very  far  away  (astronomical  distances).  But  for  most 
applications,  such  as  for  tracking  aircraft  or  missiles,  a  mechanical  scanner  is  far  too 
slow. 

Another  way  of  radar  scanning  is  the  use  of  a  phased  array.  In  this  case,  an 
array  of  individual  radiating  elements  are  excited  with  differing  phases  controlled 
such  that  a  narrow  beam  can  be  scanned.  They  have  no  moving  parts.  Phased 
arrays  have  been  used  for  decades  in  radar  applications.  They  are  fast  and  effective 
in  determining  the  location  and  velocity  of  objects.  However  they  are  very  large 
and  require  large  amounts  of  power  and  microwave  circuitry  to  operate.  For  use  on 
mobile  crafts  such  as  a  warship,  they  can  be  cumbersome. 

This  report  describes  some  basic  research  aimed  at  using  a  single  element 
horn  antenna  as  a  source,  reflecting  it  off  a  planar  plasma  sheet  for  scanning 
purposes,  and  yet  avoiding  the  disadvantages  of  a  mechanical  moving  device.  The 
idea  is  to  optically  rotate  a  plasma  reflector.  Various  methods  may  be  used  to  rotate 
the  plasma  reflector.  Researchers  at  the  Naval  Research  Laboratory  use  an  array  of 
hollow  cathodes  to  start  a  planar  gas  discharge.  The  planar  discharge  is  rotated  by 
applying  voltage  to  a  set  of  electrodes  [6].  Another  method  of  rotating  a  plasma  is  to 
generate  it  with  a  short  pulse  laser  beam,  wait  for  the  ions  and  electrons  to 
recombine,  electrically  rotate  the  laser  beam,  and  then  generate  a  new  plasma  with 
another  short  pulse  at  the  rotated  position.  The  technology  for  rotating  a  laser  beam 
exists  commercially  in  the  visible  spectrum. 

In  addition,  a  highly  collisional,  diffuse  plasma  can  be  used  for  the  absorption 
of  microwaves.  This  is  useful  to  reduce  the  radar  cross-section  of  targets,  essentially 
hiding  them  from  radar  detection  systems. 

This  report  considers  the  feasibility  of  the  laser  plasma  generation  scheme 
following  the  work  of  Shen  and  Scharer  [1]  and  Zhang  and  Scharer  [7].  It  considers 
properties  of  the  plasma  and  their  effects  on  its  ability  to  reflect  microwave  radiation 
in  the  X-band. 
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Reflection  and  Transmission  from  an  Epstein  Profile 

Low  Collisionality  --  Sharp  Boundary 


Figure  5.  A  sharp  boundary  (cr  =  1cm)  slightly  collisional  (u  =  90 MHz) 
sheet  can  be  highly  reflective  if  it  has  adequate  plasma  denstiy. 
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Reflection  and  Transmission  from  an  Epstein  Profile 


High  Collisionality  --  Diffuse  Boundary 


Figure  6.  A  diffuse  boundary  (cr  =  10cm)  highly  collisional  (v  =  1  GHz) 
sheet  can  be  highly  absorptive  even  at  low  plasma  density. 
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Description  of  the  Laboratory  and  Experimental  Conditions 

The  laser  radiation  is  directed  into  a  vacuum  chamber  containing  the  organic 
gas  Tetrakis  (dimethyl-amino)  ethylene  (TMAE).  The  laser  ionizes  the  gas  creating  a 
plasma.  X-band  microwaves  are  launched  from  a  highly  directive  horn  antenna 
toward  the  plasma  where  they  will  be  partially  transmitted  and  partially  reflected.  A 
bi-static  antenna  system  was  used  for  the  purposes  of  isolation. 

High  Energy  Excimer  Laser  Acquisition  and  Installation  ^ 

A  new  pulsed  Ultra-Violet  laser  was  purchased  in  the  summer  of  1996.  This 
new  laser  can  produce  300  mj  of  VUV  laser  radiation.  This  represents  a  200  fold 
improvement  in  laser  power  over  a  laser  that  was  formerly  utilized  in  this  lab.  The 
laser  has  stable  output  with  only  5%  shot-to-shot  variation.  This  will  make  the 
results  of  the  experiment  much  more  repeatable  than  in  the  past.  The  laser  was 
installed  in  June  1996.  It  has  a  water  cooled  system  to  regulate  internal  vessel 
pressure  and  temperature.  A  new  filtration  system  was  needed  to  provide  sufficient 
water  pressure  while  eliminating  corrosive  contaminants  in  the  university  water 
system.  The  vessel  contains  a  mixture  of  four  gases.  Hydrogen  is  used  to  passivate 
the  system  after  it  has  been  exposed  to  atmosphere.  The  working  gas  mixture  is  a 
combination  of  Neon,  Fluorine,  and  Argon.  The  Fluorine  is  combined  with  inert 
Helium  in  the  supply  tank  for  safety  purposes.  All  gas  purities  are  Ultra-High  for 
superior  laser  performance.  A  new  gas  handling  system  was  installed  at  the  same 
time  as  the  laser  to  insure  sterility. 

The  laser  power  supply  is  contained  in  the  main  housing.  It  was  necessary  to 
construct  a  reinforced  table  to  support  the  200  kg  unit.  Power  is  supplied  by  a 
3  phase,  110  Volts  /  phase  cable  capable  of  delivering  20  amps.  The  laser  is  capable  of 
a  20  Hz  repetition  rate.  Output  energy  is  regulated  by  an  internally  calibrated  photo¬ 
diode.  Capacitor  voltages  and  filling  pressures  are  adjusted  by  internal  feedback 
systems  to  ensure  stable  output. 

The  excimer  laser  is  being  operated  at  193  nm  with  the  use  of  Argon  Fluoride. 
Some  of  this  energy  is  lost  in  the  UV  windows  and  O2  absorption  in  air.  Our 
preliminary  measurements  show  that  5%  of  the  radiation  is  lost  to  the  windows. 
Further  experiments  have  suggested  that  the  laser  energy  decreases  by  1.5  db  /  meter 
due  to  oxygen  absorption.  We  have  a  vacuum  chamber  for  the  lenses  which  can  be 
filled  with  an  inert  gas  to  reduce  these  losses  and  therefore  utilize  more  of  the 
available  laser  energy. 

Lenses  and  Vacuum  Chamber 

Most  of  the  laser  beam  is  contained  in  a  region  15  x  30  mm  at  the  laser  output 
window.  With  a  series  of  four  custom  designed  and  fabricated  Suprasil  lenses 
manufactured  by  Midwest  Optics,  the  laser  beam  can  be  adjusted  to  be  (3-7)mm  x  3- 
11)  cm.  Figure  7  is  a  diagram  illustrating  the  lenses  set  to  generate  a  2  mm  x  11  cm 
beam.  The  lenses  are  located  in  an  aluminum  box  near  the  laser  output  window.  It 
is  hoped  that  the  new  channel  will  extend  the  lifetime  of  these  lenses.  It  was 
determined  that  a  typical  lens  has  a  2-6  year  lifetime  due  to  degradation  of  the  VUV 
coating.  With  the  new  higher  power  laser,  this  degradation  has  been  observed.  An 
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Figure  7.  Lens  system  to  form  sheet  profile 
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aperture  located  between  the  third  and  fourth  lenses  -  referenced  from  the  laser  side 
-  can  make  the  beam  sharp  in  the  y-direction.  This  is  desirable  because  stray  light 
outside  the  main  laser  beam  can  cause  the  plasma  to  be  underdense  in  the  region 
above  and  below  the  main  plasma  sheet.  A  sharp  plasma  boundary  is  desirable  so  as 
to  approximate  a  piece  of  sheet  metal.  Approximating  a  sheet  of  metal  is  desirable 
since  metal  will  be  used  as  a  100%  amplitude  and  180°  phase  reflection  reference. 

The  vacuum  chamber  is  a  6  inch  Corning  glass  T  which  is  evacuated  to  10'6 
Torr.  This  ensures  TMAE  vapor  purity.  The  vapor  pressure  of  TMAE  is  350  mTorr 
at  room  temperature.  Typical  filling  pressures  are  60  -  100  mTorr.  A  new  chamber 
was  constructed  by  University  of  Wisconsin  Physical  Science  Labs  in  Fall  1996  which 
will  allow  for  microwave  windows.  The  new  chamber  is  constructed  of  stainless 
steel.  Several  layers  of  absorptive  paint  will  be  applied  to  reduce  extraneous 
reflections.  The  chamber  was  designed  such  that  it  can  be  supported  and  utilized 
with  minimum  reflections  from  vacuum  pumps  and  instrumentation  which 
would  normally  interfere  with  accurate  measurements. 

Plasma  Conditions 

The  first  ionization  potential  of  TMAE  is  5.36  eV.  A  photon  of  wavelength 
193  nm  has  an  energy  of  6.40  eV.  Consequently,  for  single  photon  ionization,  an 
electron  temperature  of  about  1  eV  can  be  expected  initially.  It  is  expected  that 
collisions  will  reduce  this  value  after  a  laser  pulse  has  ended.  Langmuir  triple  probe 
measurements  [9]  indicate  that  this  is  the  case. 

The  plasma  profile  in  the  y-direction  was  measured  with  a  planar  circular 
disk  Langmuir  probe.  A  typical  profile  is  shown  in  the  top  plot  of  Figure  8.  This 
profile  was  done  with  the  aperture  adjusted  to  6  mm  and  the  lenses  adjusted  as 
shown  in  Fig.  7.  For  these  measurements,  a  reference  probe  was  placed  near  the 
laser  beam  and  left  in  a  constant  position  while  a  mobile  probe  was  scanned  in  the  y- 
direction. 

Microwave  Homodyne  Detection  System 

This  section  presents  the  microwave  waveguide  circuit  used  to  measure  the 
reflection  off  of  and  the  transmission  through  the  plasma.  It  also  includes  the  basic 
theory  for  microwave  detection  and  how  it  is  applies  to  the  circuit. 

Components 

Figure  9  shows  the  waveguide  system  designed  to  measure  the  amplitude  and 
phase  of  the  transmitted  signal  and  reflected  signals.  All  experiments  were  done 
with  X-band  microwaves  using  an  FIP  Model  620A  SHF  Signal  Generator.  This  is  a 
tunable  source  with  a  peak  output  of  about  100  mW  of  power.  For  frequency 
measurements  more  accurate  than  the  generator  dial  could  indicate,  an  HP  model 
532B  Frequency  Meter  was  used.  It  was  inserted  directly  after  the  first  coax  to 
waveguide  transition  from  the  generator.  Accurate  frequency  measurements  were 
important  primarily  to  assure  that  the  frequency  was  not  drifting  during  an 
experiment.  Reflections  from  microwave  components  as  well  as  from  objects  in  the 
lab  would  change  with  changes  in  frequency.  It  was  therefore  useful  to  be  able  to 
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Hyperbolic  Secant  Squared  Profile 


Thickness  of  profile  is  governed  by  parameter  a. 

A  diffuse  boundary  corresponds  to  a  large  value  of  a. 
A  somewhat  sharper  boundary  is  characterized  by  a 
smaller  value  of  a.  An  actual  density  profile  is  shown 
for  comparison. 


Figure  8.  Plasma  Density  y-profile  and  Corresponding  Epstein  Profile 
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Plasma 


Figure  9.  X-band  reflectometer /interferometer  to  measure  reflection/  trans¬ 
mission  from/through  a  plasma  along  with  phasor  signal  representation. 
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check  the  exact  frequency  during  calibration  and  then  after  the  experiment  to  make 
sure  it  did  not  drift. 


Obtaining  amplitude  and  phase  from  the  circuit 

It  is  useful  to  consider  the  signals  in  phasor  notation.  Figure  9  demonstrates 
this.  Before  the  laser  shot,  LO  and  R  are  in  phase.  After,  the  laser  fires  and  a  plasma 
is  produced,  there  is  a  change  in  both  the  amplitude  and  phase  of  R.  To  obtain  the 

phase  of  the  reflected  signal,  <j),  I R I  is  first  solved  for: 


IRI  =Vtsum2/2  +  tdiff2/2-LOt2  . 

The  phase  of  the  reflected  signal  is  then  found  with  the  law  of  cosines 
<|>  =  k  -  cos  ^  — 


(27) 


lSum2-IRI2-L02j 


•2IRILO 


(28) 


Microwave  Heterodyne  Detection  System 

Another  method  of  obtaining  amplitude  and  phase  information  is  by  using  a 
heterodyne  detection  system.  The  heterodyne  system  we  used  utilized  two 
microwave  sources  separated  in  frequency  by  50  MHz.  The  second  source  was  a  HP 
8690B  Sweepable  generator  which  was  purchased  in  December  1995.  As  with  the 
homodyne  system,  a  Magic  T  functions  as  an  interferometer.  Each  of  two  Magic  T's 
will  mix  two  signals.  One  of  these  signals  will  be  the  upper  frequency  common  to 
both  T's.  On  one  of  the  T’s  the  other  signal  will  be  a  reference  which  does  not  pass 
through  the  plasma.  The  output  on  this  diode  is  just  a  50  MHz  signal  with  a  phase 
that  can  be  adjusted  with  a  phase  shifter.  The  other  T  will  detect  the  signal  which 
has  traveled  through  the  plasma.  The  output  on  its  diode  will  be  a  50  MHz  signal 
with  a  time  varying  amplitude  and  a  time  dependent  phase.  For  the  purposes  of 
analysis,  it  is  necessary  to  assume  that  the  phase  shift  is  a  constant  over  one  period 
of  the  intermediate  frequency  (IF).  This  assumption  places  a  limit  on  the  time 
response  of  the  system.  The  two  signals  are  compared.  This  method  is  superior 
because  Fourier  transform  techniques  can  be  used  to  filter  all  but  the  50  MFIz  signal. 
In  addition,  the  phase  of  the  reflected  signal  is  a  directly  measurable  quantity.  The 
shortcoming  of  this  procedure  is  a  much  slower  time  response  if  phase  is  to  be 
known  with  a  high  degree  of  accuracy.  This  is  caused  by  limitations  of  the 
oscilloscope  sampling  rate. 

For  example,  let  the  sampling  rate  of  the  scope  be  denoted  by  SF.  The  number 
of  data  points  upon  which  one  can  accurately  measure  the  phase  is  just: 

SF 

n  =  nT  (29) 


However,  the  error  by  which  the  phase  is  known  is  given  by 
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(30) 


IF  „  I 

A  <j>  —  2  7C  g  p  -  2  ft  n 

From  this  expression  it  is  easy  to  see  that  the  more  accurate  determination  of  <j) 
corresponds  to  a  larger  IF.  But  a  larger  number  of  data  points  corresponds  to  a 
smaller  IF  This  was  a  determining  factor  in  choosing  50  MHz  for  our  intermediate 
frequency.  It  allowed  us  to  get  time  resolution  of  20  nanoseconds  and  a 

determination  of  the  phase  to  within  6°. 

Obtaining  amplitude  and  phase  from  the  circuit 

The  analysis  of  data  is  much  less  cumbersome  with  the  heterodyne  system. 
The  amplitude  of  the  reflected  signal  is  simply  the  Fourier  amplitude  of  the  50  MHz 
signal  on  the  diode.  The  phase  of  the  reflected  signal  can  be  found  using  the 
reference  diode.  Before  the  experiment  begins,  a  phase  shifter  is  used  to  adjust  the 
reference  signal  to  match  the  phase  of  a  signal  being  reflected  off  an  aluminum 
sheet.  This  will  be  assumed  to  be  180°.  During  a  typical  laser  shot  there  will  be  a 
time  delay  At  between  the  reference  signal  and  the  signal  being  reflected  from  the 
plasma  interface.  The  phase  of  the  reflected  signal  is  given  by: 

(J)  =  ft  -  IF  A  t  (31) 

Figure  10  shows  reflection  data  for  plasmas  created  at  2  different  neutral 
TMAE  pressures.  Data  was  collected  using  a  homodyne  detection  system  and 
normalized  to  reflection  levels  obtained  by  placing  an  aluminum  sheet  in  the  same 
position  as  the  plasma.  The  higher  pressure  plasma  (P  =  60  mTorr)  reaches  its 
maximum  reflectivity  at  a  time  of  t  =  250  ns.  While  the  lower  pressure  (P  =  40 
mTorr)  reaches  its  maximum  at  t  =  350  ns.  The  laser  pulse  occurs  at  t  =  100  ns  in 
both  cases  and  has  a  pulse  length  of  20  ns.  The  initial  conditions  of  the  plasma  sheet 
show  an  electron  density  gradient  along  the  laser  axis.  This  gradient  effects  the 
phase  of  the  reflected  signal  from  each  differential  segment  of  the  sheet.  As  the 
gradients  vanish  in  time  due  to  plasma  recombination,  the  sheet  becomes  more 
uniform  and  phase  interference  from  neighboring  differential  segments  decreases. 

It  is  at  this  time  that  the  microwave  beam  pattern  from  the  sheet  is  expected  to  most 
closely  resemble  the  beam  pattern  from  the  antenna. 

IV.  Radiofrequency  Plasma  Source  for  Sustainment  of  Laser  Produced  Plasmas 

We  have  designed  and  are  completing  construction  of  a  radiofrequency 
plasma  source  experiment  to  complement  our  laser  plasma  research.  The  initial 
conclusions  of  this  effort  were  presented  at  the  ICOFS  '97  conference  in  San  Diego, 
CA.  The  goal  of  this  work  is  to  investigate  radiofrequency  excitation  as  a  means  of 
increasing  the  lifetime  of  the  laser-produced  plasma.  Our  current  research  plan  is: 
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Figure  10.  Microwave  reflection  from  laser  formed  plasma 


1.  Investigate  RF  source  operation  at  1—100  MHz  with  inert  gases  at  1—100  mTorr 
pressures. 

2.  Investigate  low  power  RF  source  operation  using  low  ionization  seed  gases  in  a 
buffer  gas. 

3.  Study  RF  effects  on  the  lifetime  of  spark-gap  initiated  plasmas. 

4.  Combine  the  RF  source  with  our  laser  plasma  experiment  with  low  ionization 
seed  gases  to  investigate  RF  effects  on  plasma  lifetime  and  profiles. 

5.  Investigate  recombination  and  plasma  chemistry  processes  with  seed  and  buffer 
gas  mixes  to  determine  methods  to  reduce  power  requirements  for  maintaining 
the  plasma.  This  will  be  extended  over  time  to  include  issues  relating  to 
atmospheric  air  plasma  sustainment. 

Figure  11  shows  a  schematic  of  the  RF/laser  plasma  system  design.  Our  laser 
provides  up  to  a  300  mj  pulse  at  193  nm.  Scaling  from  our  earlier  results  with  a  10 
mj  laser  suggest  that  we  will  be  able  to  produce  a  40  cm  long,  10  cm  diameter 
cylindrical  plasma  with  above  critical  densities  with  our  current  laser.  We  will  use  a 
new  optical  system  to  expand  the  laser  beam  to  the  size  and  shape  needed  to  create 
the  cylindrical  plasma.  We  plan  to  use  an  RF  generator  operating  in  the  range  1-100 
MHz.  Various  operating  frequencies  in  that  range  will  be  used  to  study  the 
frequency  dependence  with  various  gas  mixtures,  plasma  collisionality,  and 
magnetic  field.  Our  magnets  are  capable  of  providing  a  solenoidal  magnetic  field  up 
to  1400  Gauss.  We  plan  to  operate  primarily  in  the  0-300  Gauss  range. 

We  have  done  some  antenna  coupling  modeling  using  our  ANTENA2  and 
MAXEB  codes  [3]  and  the  parameters  discussed  above.  Figure  12  shows  that  at  high 

density  (n  =  5  x  1012/cm3  )  and  collisionality  (v  =  108  Hz)  and  low  magnetic  field  (B  = 
50  G),  the  power  absorption  for  13  MHz  is  very  near  the  antenna.  For  a  higher 
magnetic  field  (B  =  250  G)  and  the  same  plasma  parameters.  Fig.  13  illustrates  that 
the  radiofrequency  wave  fields  and  power  absorption  propagate  well  away  from  the 
antenna.  These  studies  suggest  that  radiation  resistances  should  be  on  the  order  of 
0.4— 0.5  Ohms  for  a  Nagoya  Type  in  antenna.  This  radiation  resistance  is  sufficient 
for  coupling  power  into  the  plasma.  We  plan  to  conduct  further  studies  to  better 
tailor  the  antenna  design  based  on  measurements  of  density  profiles  and  collision 
frequencies  from  the  laser  plasma  experiment.  Later,  readily  ionized  seed  gases  and 
an  approach  towards  atmospheric  air  plasmas  will  be  investigated. 


23 


RF  Plasma  Source 
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Figure  12.  Radiofrequency  Power  Absorption  (B  =  50  G). 
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Figure  12.  Radiofrequency  Power  Absorption  (B  =  250  G) 
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